We developed a robust and reproducible methodology to amplify human sequences in parallel for use in downstream multiplexed sequence analyses. We call the methodology SMART (Spacer Multiplex Amplification Reaction), and it is based, in part, on padlock probe technology. As a proof of principle, we used SMART technology to simultaneously amplify 485 human exons ranging from 100 to 500 bp from human genomic DNA. In multiple repetitions, >90% of the targets were successfully amplified with a high degree of uniformity, with 70% of targets falling within a 10-fold range and all products falling within a 100-fold range of each other in abundance. We used long padlock probes (LPPs) >300 bases in length for the assay, and the increased length of these probes allowed for the capture of human sequences up to 500 bp in length, which is optimal for capturing most human exons. To engineer the LPPs, we developed a method that generates ssDNA molecules with precise ends, using an appropriately designed dsDNA template. The template has appropriate restriction sites engineered into it that can be digested to generate nucleotide overhangs that are suitable for lambda exonuclease digestion, producing a singlestranded probe from dsDNA. The SMART technology is flexible and can be easily adapted to multiplex tens of thousands of target sequences in a single reaction.
O
ne of the greatest challenges in the study of the human genome is our ability to extract information of interest in a timely and cost-effective manner. Advances in genomic technologies have made it possible for scientists to start to understand the contribution of genetic variations, within large sets of genes or even the entire genome, in an effort to better understand common human diseases (1) (2) (3) (4) (5) . The value of those technologies shows promise in uncovering the contributions of particular genes not previously thought to be involved in the development of disease. Studies suggest there is a surprisingly large involvement of diverse sets of genes in many diseases, such as cancer and hypertension, and rare variants in many of these genes are likely to have a significant contribution to the diseased state (4, 6, 7) . To gain better understanding of the genetic contribution to disease progression, we need to fully understand the genetic sequence variations in the structural and the regulatory sequences of the human genome. To address this need, several array-based (8) (9) (10) or sequence-by-synthesis technologies (11, 12) have been developed to determine the genotype or gene copy number or to sequence the human genome.
To take full advantage of these technologies, reducing the complexity of the human genome to smaller regions of interest is required, because the human genome is too large to sequence in a cost-effective manner using current technologies and too complex to be labeled directly for genome-wide genotyping or copy number assessment. The first successful nontargeted genome wide reduction of the complexity of the human genome was achieved by amplification of size-selected fragments of human DNA fractionated after a restriction endonuclease digestion. This enabled the development of a very successful genotyping and copy number methodology using allele-specific hybridization to oligonucleotide arrays (13) (14) (15) . The Mismatch Repair Detection technology was successfully used for detection of polymorphisms in PCR-amplified amplicons (16) . Genome reduction can be achieved by direct amplification of specific targets or amplification of targets selected by virtue of hybridization to sequences on an array. It has been shown that direct multiplex PCR amplifications can generate a high degree of nonspecific amplification products because of extensive mispriming by multiple primers (17, 18) . Dahl et al. (19, 20) have shown that careful choice of primer pairs to avoid mispriming, combined with the selector technology that allows capture of regions of interest by digestion with restriction endonucleases, followed by circularization of genomic DNA can allow multiplex amplification of up to 170 amplicons. However, this methodology is well short of the thousands of simultaneous amplifications needed for resequencing the entire set of human exons.
A very successful targeted multiplex amplification strategy is the molecular inversion probe (MIP) technology, which has successfully adapted the padlock methodology to genotype Ͼ53,000 SNPs in a single assay (21) (22) (23) . To identify the SNPs the MIP technology uses four steps: hybridization, polymerization, ligation, and amplification (24, 25) . This technology has also been adapted to capture selected sequences by increasing the distance between the sequence-specific binding sites of the MIP probes (26) . Recently, Porreca et al. (27) modified the MIP technology adapted to perform a multiplex amplification reaction of fragments ranging from 60 up to 200 bp in a highthroughput capture of Ϸ10,000 exons. They successfully captured only 20% of the probes as amplified products, and there was little reproducibility in replicates (27) . Microarrays have also been used for selective capture of genomic targets and subsequent amplification of bound targets that are eluted from the array. These methods have an advantage, in that they do not require extensive synthesis of oligonucleotides; however, the success rate of target capture was limited (28) (29) (30) .
It is a challenging task to evaluate whether the padlock probes and the MIP assay represent a suitable methodology to perform robust high-throughput multiplex amplification reactions using selected sequences of the human genomic DNA as templates. Several features of the human exonic sequence, like the variable length of exons and the varying GC composition, could interfere with the fidelity and efficiency of the enzymatic steps of the protocol and, consequently, diminish the performance and uniformity of the assay.
To address these challenges, we have developed a strategy that maximizes the ability of padlock probes to amplify multiple sequences in a single reaction. We have adapted the padlock probe technology to perform multiplex PCR using probes that are three times larger than in the conventional MIP assay and have developed a method to produce these probes from doublestranded molecules. These long padlock probes (LPPs) hybridize to the target DNA sequences where the 3Ј end of the probe is up to 500 bases apart from the 5Ј end. This gap-fill region is the sequence of interest, and the gap between the two ends of the probe is filled by polymerization from the 3Јend using the target DNA sequence as the template. The efficiency of this step is crucial in making this a robust and reproducible assay; we have made several improvements in the current assay that now make it very suitable for high-throughput use. The specificity and abundance of each species of the expected product were evaluated independently by qPCR and by hybridizing the products to an Affymetrix resequencing array. We attempted to amplify 485 exons using 557 probes and were able to amplify Ͼ90% of the exons successfully in a single multiplex reaction.
Results
Padlock probes and the MIP technology have proven very successful in polymerizing short stretches of nucleic acids between the 3Ј and 5Јend of the probes that were hybridized to target DNA (21, 25) . To test whether these methodologies are capable of successfully polymerizing long gap-fill stretches of nucleic acids between the target-specific sequences, we designed probes where the size of the gap between the 3Ј and 5Ј ends of the probe ranged from 161 to 383 bp. In a series of singleplex assays, padlock probes that were Ϸ120 bases in length were annealed to human DNA, and the gap-fill reaction was performed as described in Materials and Methods using the conditions for the Stoffel DNA polymerase. After completion of the gap-fill reaction with the formation of the circular DNA molecule by ligation, the desired DNA sequences were amplified using common primers flanking the 3Ј and 5Ј target sequences of the padlock probe (Fig. 1D) . We measured the performance of the assay by running the amplified products on a 2% agarose gel to determine the length of the amplified products. We concluded that the assay was successful and quite reproducible when the length of gap-fill sequences was Ͻ200 bases, but we found that the consistency and the reproducibility of the assay diminished as the size of the gap-fill region increased [supporting information (SI) Tables S1 and S2]. We hypothesized that the size of the padlock probes (Ϸ120 bases) was posing a physical constraint in allowing a robust gap-fill reaction, and this effect became more pronounced as the size of the target DNA sequence increased.
To test whether short padlock probes were limiting the gap-fill reaction, we needed to make longer probes. To this end, we developed a methodology for making probes that were Ͼ300 bases. We posited that the LPPs should (potentially) overcome the limitations of the smaller-size probes. In our current protocol, the ssDNA probe is produced from a specifically designed dsDNA template using a series of enzymatic reactions and selective removal of one of the strands using lambda exonuclease digestion. We first built the ''core'' construct of the template that is common to all probes. The core is composed of a common nucleic acid sequence, the spacer, derived from the bacteriophage lambda flanked by the amplification primers (Fig. 1 A) . That sequence from bacteriophage lambda was chosen to avoid cross-hybridization occurring between the spacer sequences and human genomic DNA. The target-specific ends that are unique to each probe were added to this template by PCR amplification. In addition, as part of the same PCR amplification, we placed Type IIS restriction endonuclease recognition sequences at the 5Ј ends of the construct to generate precise ends after restriction digestion. The advantage of Type IIS restriction endonucleases is that, although they digest the DNA at a given sequence, the cleavage site is outside of their recognition sequence.
In the first step for making the LPP, we digested the doublestranded template with the restriction enzyme BsaI to generate a 5Ј overhang 5 bases inward from the recognition site (Fig. 1B) . It was important that this end of the molecule has a recessed 3Ј end to ensure it remains resistant to lambda exonuclease digestion. To ensure production of ssDNA of high quality, the 5Ј phosphate group on the overhang was removed by a phosphatase. Digestion with the second restriction enzyme MlyI generated the desired structure at other end of the molecule: a blunt end with a phosphorylated 5Ј end. Digestion with lambda exonuclease selectively degraded the strand with the phosphor- The bacteriophage lambda DNA (gray) was used as a template, and the primers containing the common amplification primers as adaptors on the 5Ј end were used to PCR amplify the spacer that is common to all of the probes. This common spacer with the amplification sequences was the further template for building the doublestranded probe precursor. The left primer with the target sequence (red) had an adaptor with a BsaI site (blue) The right primer with the target sequences (red) has an adaptor (green) with the MlyI site. (B) The construct was digested with BsaI (red triangle) cutting 5 bases inwards from the recognition sequence. The digestion creates a phosphorylated 5Јend and a recessed 3Ј end. The phosphate group is removed by shrimp alkaline phosphatase digestion. A subsequent digestion with MlyI (black triangle) cuts 5 bases inwards from the right-hand recognition sequence to create a blunt end with a 5Ј phosphate. The lambda exonuclease digests the lower strand from the 5Ј phosphorylated end created by the MlyI digestion leaving the upper strand intact. (C) The dHPLC profile of the double-stranded template has two peaks (blue) at Ϸ4.5 min. After exonuclease digestion (red) there is only one peak at 4.5 min, and one large early peak that represent the digested products. (D) The LPP is hybridized to genomic DNA (gray) and gap-filled (orange) using the genomic DNA as template. Ligation occurs when the polymerase reaches the 5Ј end of the probe (yellow circle) to form a circular molecule. The amplification sequences (yellow) in the circle are then used to amplify the targeted exons. Digestion with AscI and ClaI (sites are included in the amplification primers) separate the primers from the genomic target sequences. ylated 5Ј end, whereas the other strand remains intact. The quality of the digestion was monitored by denaturing HPLC (dHPLC) (Fig. 1C) With this reliable methodology for making LPPs, we adapted the padlock technology to successfully polymerize, ligate, and subsequently amplify gap-filled sequences, which are Ͼ200 bp, using the LPPs that have a large lambda spacer between the 5Ј and 3Ј recognition sequences. We were successful in obtaining very reliable and robust amplifications with target sequences gapped as large as 500 bp (Tables S1 and S2 ). To test whether the LPPs can amplify a large set of sequences in a uniform manner, targets were chosen from sequences of exons present in a set of 30 kinase genes relevant to the study of cancer (31) . In that study, mismatch repair detection was used to detect variations in the exons of these genes, and standard PCR was used to amplify each exon. These same sequences were used in our study to design the 5Ј and 3Ј targeting sequences of the LLPs. We synthesized the LPPs as described above and excluded those exons in which in the primer sequences contained either a BsaI or an MlyI restriction site. Initially, pools of LPPs were grouped together by expected product size and used in the assay, with the Stoffel polymerase for the gap-fill reaction as described in Materials and Methods. Using these LPPs, we were able to successfully polymerize, ligate, and subsequently amplify gap-filled sequences. The resulting PCR products were in the size ranges expected (Fig. 2) . The specificity of the reaction is evident in lane 5, where two distinct sets of bands appear, corresponding to the sizes of products we expected to amplify. We were successful in obtaining very reliable and robust amplifications with target sequences gapped large as 500 bp. Because the larger spacer was instrumental in the success of the reaction, we named our technology spacer multiplex amplification reaction (SMART).
One of the applications of multiplex PCR amplification is for targeted resequencing. An Affymetrix resequencing chip was used to determine whether these products were of sufficient quality to provide a high-quality resequencing for all of the targets. The resequencing array has 25-mer oligonucleotides tiled across all of the amplicons used in this study. The median intensity value for each exon was used as a measure of the success of multiplex amplification. The background for the chip was between 30 and 40, and therefore a signal threshold of Ն200 indicated successful amplification. All probes were combined in a single pool, gap-filled using Stoffel polymerase, and amplified in a multiplex reaction. The products were labeled and hybridized to the resequencing chip (Fig. 3) . Seventy-five percent of the amplicons successfully amplified, based on the intensity values on the chip (Fig. 3A) . To further improve the performance and fidelity of the SMART assay, a variety of other theromostable polymerases that have the ability to overcome the constraints of sequences with high GC content and a higher proofreading activity than either the Stoffel or the Amplitaq Gold polymerases were tested. We tried Pfu DNA polymerase, PfuUltra II fusion HS DNA polymerase, DyNAzyme EXT DNA polymerase, and Phusion DNA polymerase in the gap-fill reaction using the Ampligase buffer. In each trial, the reaction buffer and reaction conditions in the multiplex amplification step were changed according to the optimum conditions of each polymerase (data not shown). Using Phusion polymerase in both the gap-fill and amplification reaction, the success of the SMART assay was enhanced to 90% based on our previous thresholds. The amplification reaction was performed using the Phusion GC buffer that improves the uniformity of PCR amplification in templates with high GC content. The Phusion amplification outperformed the extension with Stoffel polymerase: 60% of the amplicons that failed with Stoffel were successful with Phusion (Fig. 3) . All subsequent experiments were performed with Phusion polymerase and buffer.
Several resequencing technologies require that the PCR products be evenly represented when amplified from a mixture of probes. The PCR products from the SMART reaction were diluted and used as the template for qPCR using primers that were specific to the expected product (SI Text and Dataset S1). We calculated the fold differences from the mean using the lowest threshold cycle values (C T) ) values from all of the individual qPCRs (Fig. 4) . To verify the quality of the primers and to avoid any systemic biases, they were first tested against genomic DNA templates, although no quantitative adjustments were made for sequence-dependent differences in amplification. The qPCR results indicate that 83% of the amplicons varied in a range of two logarithms in abundance, and only 9.6% of the amplicons were represented Ͻ10-fold difference from the mean. The majority of these dropouts were amplicons that had a higher percentage of GC (Fig. 4) . The failures were pooled together and amplified in a separate reaction using the same probe concentration as before to determine whether they would be successful in a subset of the larger pool. Successful amplification resulted in 60% of the failures in the larger pool (Fig. S1 ). We were not able to get any significant improvement in the performance of these probes by spiking them at a higher concentration in the larger pool (data not shown).
To determine the reproducibility of the chip hybridization, we performed multiple repetitions of the assay, and the chip intensities from two representative experiments are compared (Fig.  5) . The multiplex PCRs were extremely reproducible (r 2 ϭ 0.96), indicating that there was no systemic bias in the amplification between repetitions. A comparison of the qPCR data with the chip hybridization data shows a very good correlation between the chip intensity values and qPCR abundance of the amplicons (r 2 ϭ 0.93). Products within a 10-fold difference from the mean provide adequate amounts of products to be analyzed in a resequencing chip (Fig. 4A) . Four probes that worked well in the chip did not work in the qPCR assay because of primer design in the qPCR. In general, the amplicons that were distributed within 10-fold of the mean gave higher signal intensity on the chip than the products that were less abundant in the PCR mix.
Discussion
We have developed a method called SMART technology, based on padlock and MIP assays, for simultaneous multiplex amplification of DNA sequences in a single tube for targets that can range from Ͻ100 to 500 bp. As a proof of principle, we applied the SMART technology to amplified simultaneously 575 target sequences representing human exons present in 30 kinase genes. This assay is highly specific for the selected target sequences and is robust in nature. More than 90% of the targets were consistently amplified, whereas 10% that failed to amplify show a remarkable reproducibility in the failures, indicating these represent sequence-specific complexities. A significant advantage of our technology is the high degree of uniformity of the amplified targets, where 70% of targets are distributed within 10-fold, and all of the products are within 100-fold, of each other in abundance (Fig. 3) . The high level of reproducibility and uniformity in the amplification of the target sequences makes SMART technology eminently suitable for use in several resequencing platforms. This technology should easily be scalable to include all of the exons in the genome as the amounts of each probe required for successful amplification is low. The multiplicity can expand to tens of thousands of targets, reaching similar levels of multiplex success as seen for the MIPs technology where Ͼ53,000 parallel reactions can be performed in one tube (23) . The success of the SMART technology relies on the improvement of at least two essential elements of the padlock assay: (i) by applying a methodology to generate LPPs, where we have significantly increased the size of the spacer connecting the 3Ј and 5Ј prime target recognition sequences of the unimolecular padlock probe; and (ii) by optimization of the reaction conditions of the assay by selection of appropriate thermostable DNA polymerases for the gap-fill reactions and amplification reactions from the circularized probes. Our hypothesis is that the larger length of the nucleotide sequence (spacer) that connects the 3Ј and the 5Ј of the padlock probe provides more flexibility and stability during the polymerization step of the gap-fill reaction. We reason that the gap-fill polymerization creates a progressively more rigid nucleic acid structure that decreases the efficiency of polymerization as the length of the gap is increased.
To ensure that the SMART technology is scalable, enabling it to achieve the ultimate goal of the successful amplification of all human exons, we investigated various approaches to amplify those targets that failed in the initial run. Because the only common denominator of all failed target sequences was their Ͼ60% CG content and not the length of the amplicon, we pooled together all these failed targets and repeated the assay using the same conditions. This resulted in the successful amplification of 50% of the failed targets. Combining the number of targets that amplified in the two reactions increases the success rate of amplification to 95%. Based on this finding, it is reasonable to assume that an optimized strategy to achieve successful amplification of all human exons would be to create pools where all of the exons will be distributed based on their GC content. The failures from these pools can then be assigned to smaller pools to achieve uniform amplification from all of the exons. Recently, a method based on the principles of the padlock and MIP assay was published by Porreca et al. (27) , who performed a highthroughput multiplex amplification using Ϸ50,000 exons as target sequences in a single assay. The number of targets that successfully amplified was close to 20%. This indicates that the implementation of the previously known strategies and conditions are not sufficient to address such a complex assay. The limitations of the traditional padlock and MIP assays as tools for multiplex amplification of exons can be evaluated more precisely in the initial pilot experiment the authors performed using 480 probes. The amplicons generated were all of the same length, but no stratification of probes was made according to the CG content. Despite the relative small length of the target sequences, the overall uniformity of the assay was spread over a range of 4-5 logarithms, and Ͻ50% of the target sequences were within 2 logarithms. It is unlikely that the success rate and poor uniformity of the assay using the smaller probes could potentially be improved by increasing the concentration of targeting probes in the reaction. It is worth mentioning that the concentration of probes used in the SMART assay is 10-fold less than the one used in the 480-plex experiment, yet the multiplex amplification was greatly improved on the former relative to the latter.
We have tested the suitability of the SMART products in resequencing applications by hybridizing the products to a resequencing chip that was designed for these exons. The quality of sequences obtained from the multiplex PCR is comparable with that obtained by pooling PCR products from individual reactions. The sequence call rate is a function of the chip design and does not depend on the multiplex PCR. Several independent repetitions of the multiplex PCR and chip hybridization demonstrated that the procedure is highly reproducible (Fig. 5) . The tight range of the quantitative distribution of exons suggests that this method should be very suitable in other resequencing platforms, such as the in the Genome Sequencer FLX System (Roche Applied Science, the SOLiD gene sequencer (Applied Biosystems), and Genome Analyzer (Illumina). In these platforms, it is important that the products have a narrow distribution because of the iterative nature of sequence determination.
A significant factor in the success of the SMART assay is the utilization of the LPPs. These single-stranded probes are much longer in length than any DNA molecule that can be chemically synthesized with the currently available technologies. To overcome this obstacle, we have developed a general method to produce the ssDNA from a double-stranded molecule. The double-stranded molecule is tailored to its desired configuration from custom made oligonucleotides in such a way that the final design can be stored and propagated indefinitely using various amplification methods. Using a series of enzymatic steps, we have been successful in generating high-quality single-stranded molecules as long as 500 bases (data not shown). In our study, we used the combination of BsaI and MlyI restriction endonucleases; however, there are other enzymes available that could be used to generate the desired template for lambda exonuclease digestion to produce ssDNA probes in a similar manner. We have tested our methodology with a variety other enzymes such as BsmBI and BciVI and the quality and accuracy of the ssDNA molecules generated after the lambda exonuclease treatment was similar to those LPPs used in this study (data not shown). It is likely that this method can be used to produce very large single-stranded molecules, because lambda exonuclease is a very processive enzyme (32, 33) . Our method of producing singlestranded molecules has a number of applications where variable sizes or large quantities of long ssDNA molecules are needed. In addition, the method can be used to amplify minute amounts of large pools of appropriately designed oligonucleotides synthesized on arrays, and then the amplified products can be converted to single-stranded probes. Further advances in oligonucleotide synthesis technologies in the near future may dramatically decrease the cost of oligonucleotides required for the production of the designed double-stranded templates. The reduction in cost that results from using these methods of producing large quantities of single-stranded molecules, together with the robust SMART technology described here may make resequencing individual genomes feasible.
Materials and Methods
Preparation of LPPs. The common spacer for all probes had a sequence devoid of MlyI and BsaI sites derived from bacteriophage lambda with two amplification primers that are used in the multiplex PCR. This spacer was used as the template for PCR amplification using a primer that had a BsaI site and one target-specific sequence, and a second primer that had an MlyI site and the other target-specific sequence. The purified PCR product was digested with BsaI (New England Biolabs) in buffer 3 (100 mM NaCl; 50 mM Tris⅐HCl, pH 7.9; 10 mM MgCl 2; 1 mM DTT) at 50°C, followed by digestion with five units of shrimp alkaline phosphatase (USB Corporation) at 37°C. The products were subsequently digested with MlyI (New England Biolabs) to generate the other target-specific end of the molecule. The digested PCR product was treated with 0.1 units lambda exonuclease (New England Biolabs) at 37°C for 15 min in the same restriction enzyme buffer. The probes were phosphorylated with 5 units of T4 polynucleotide kinase (NEB) in 50 mM Tris⅐HCl, pH7.9; 10 mM MgCl 2; 1 mM ATP; and 1 mM DTT. A list of all of the primer sequences is included in Dataset S1 and a detailed example is included in SI Text.
dHPLC analysis was used to monitor the efficiency of lambda exonuclease digestion. The digested PCR product was loaded on a DNASep column (Transgenomic). PCR products were eluted from the column using an acetonitrile gradient in a 0.1 M triethylamineacetate buffer (TEAA), pH 7, at a constant flow rate of 0.9 ml/min. The buffers used were eluent A, 0.1 M TEAA, 0.1 mM Na 4EDTA; and eluent B, 25% acetonitrile in 0.1 M TEAA that were mixed for the gradient. SMART Assay with Phusion. Fifty attomoles of probe was mixed wit 360 ng of human genomic DNA (Promega) in 1ϫ Ampligase buffer (Epicenter Biotechnologies) and held at 98°C and gradually decreased at the rate of 1°C min to 60°C and held overnight at that temperature. The extension was performed by addition of 0.4 units of Phusion High-Fidelity DNA Polymerase (New England Biolabs), 3 l 1.0 mM dNTP, 5 units Ampligase (Epicenter Biotechnologies) in a 15-l volume at 60°C for 15 min followed by 72°C for 15 min. The exonuclease digestions were performed as described above. The PCR was performed by the addition of 10 l 5ϫ GC buffer supplied wit the Phusion Polymerase Enzyme, 8 l 1 mM dNTP, 25 pmol of each amplification primer, and 0.5 units Phusion polymerase (NEB). The reaction was held at 98°C for 2 min followed by cycles of 98°C, 15 sec, 63°C, 15 units, 72°C, and 90 sec for 40 cycles.
Real-Time PCR. After the multiplex PCR, the reaction products were diluted 1:10,000 and used as the template in a reaction containing 1ϫ SYBR green PCR Mastermix (Applied Biosystems) and 2.5 pmols of each pair of amplification primers that were specific to the expected product. The reactions were cycled in an ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems). The complete list of primers is provided in the Dataset S1.
Resequencing. The resequencing array has 25-mer oligonucleotides tiled across the all of the amplicons used. Every position on each strand of an amplicon is in the middle of one of these 25 mers. In addition, three additional oligos on each strand are laid on the arrays corresponding to the three possible mutations of the middle base. Therefore, for each position eight oligonucleotides (four on each strand) are tiled. The distance between two neighboring features (oligonucleotides) is 8 ⌴.
Purified PCR products were digested with DNase I to an average size of Ϸ60 bp and end-labeled with Bio-16-ddUTP (Enzo Life Sciences) using Terminal Transferase (New England Biolabs). The labeled products were hybridized according to the protocol provided by Affymetrix (GeneChip CustomSeq Resequencing Array Protocol). The array was washed and stained using the Affymetrix GeneChip Fluidics Station 450 and scanned using GeneChip Scanner 3000 according to the protocol supplied by Affymetrix with the exception that five washes with wash B were used instead of 24. The scanned probe array was analyzed to obtain a signal value for each amplicon. The median signal among all of the perfect match oligonucleotides corresponding to an amplicon was used as the signal of that amplicon. The background on the array in these experiments was Ϸ30 -40 (based on the signal of unhybridized array features). The median intensity of hybridized features was Ϸ1,330 (log 10 value ϭ 3.123), following a relatively normal distribution in log-space with a standard deviation in log10 units of 0.413 (data not shown). Two standard deviations below the median log10 value correspond to an intensity of 102.30 ϭ 200; therefore, a value of 200 was used as a threshold of signal falling well above background.
